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Mechanisms of Genic Male Sterility
Harry T. Horner* and Reid G. Palmer
ABSTRACT
For normal sexual reproductive development, coordination must
occur between both male and female organ ontogeny. An abnormality
at any point in this process may lead to sterility. Classification of
sterility can be divided into heritable and nonheritable sterility. Numer-
ous schemes for mechanisms controlled by nuclear genes (genic male
sterility) have been devised to identify the timing and location of the
inception of sterility. These schemes are divided into structural (gross
organ changes) and functional. The latter may be divided into abnormal
changes occurring in the male ceils or surrounding anther tissues
during microsporogenesis. Even though sterility can be produced by
chemicals, ionizing radiation, genetic engineering, etc., the primary
examples presented here will be of naturally occurring systems. The
objectives of this paper are to review heritable genic male sterility,
give examples of naturally occurring genic male sterility systems, and
identify their uses and proposed applications in plant breeding.
U’NDER NORMAL CONDITIONS, higher plants passthrough their life cycles by alternating sporophytic
(vegetative) and gametophytic (sexual) generations. 
latter generation is identified by the ability of a plant to
produce functionally active and receptive male and fe-
male organs called anthers and ovules. These sexual
organs are responsible for producing the microgameto-
phytes (pollen grains and sperm) and megagametophytes
(embryo sacs and eggs). Synchronized and asynchronized
normal development of these organs within a plant and
within a physically associated plant population ensure
either self- or cross-pollination leading to fertilization and
embryo development, thus, creating the new sporophyte
generation.
There are many genetic studies that indicate these
sexual processes are mainly controlled by nuclear genes
for both male and female development (Johns et al.,
1981; Kaul, 1988; Okamuro et al., 1993). Gene muta-
tions, inter- and intra-specific hybridizations, environ-
mental factors, radiation, chemicals, and genetic engi-
neering can alter these genes, causing them either not
to be expressed or to be expressed in an abnormal way,
which leads to sterility. In the former case, the sexual
organs may not develop at all; in the latter case, abnormal
development of the sexual organs leads to nonfunctional
male and/or female cells (see Kaul, 1988, p. 4, for
reviews).
Mutant nuclear genes (Mendelian inheritance) affect-
ing male cell and organ development are designated as
ms genes. They usually are recessive, but there are a
few that are dominant (Ms), and both are typically ex-
pressed in specific sporophytic tissues at different stages.
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There are many plant species that display nuclear mutants
that cause sterility, and they are identified as having
genic or nuclear male sterility (gms). If more than one
nonallelic gene is found within a plant species, designa-
tions of ms1, ms2, etc., are given to differentiate when
and where the mutation is expressed during male organ
and tissue development. These ms genes then affect
male fertility and, thus, create complete or partial male
sterility. A large number of species express this type of
sterility. For example, there are about 60 genes that
affect male fertility for Zea, 55 for Lycopersicon, 48
for Hordeum, 24 for Pisum, 12 for Capsicum, 10 for
Gossypium, six for Glycine, and 60 for Oryza (Albertsen
and Palmer, 1979; Albertsen and Phillips, 1981; Hu and
Rutger, 1992; Kaul, 1988; Palmer et al., 1992).
Another form of male sterility not under the sole
influence of male nuclear genes is called cytoplasmic
male sterility (cms). This system relies on cytoplasmic
factors and organelle genes (non-Mendelian inheritance)
to adversely affect development of one or more types
of cells in the anther during some stage of microsporogen-
esis (Duvick, 1965; Hanson and Conde, 1985; Laser and
Lersten, 1972; Levings, 1993; Williams and Levings,
1992). This type of sterility is maternally inherited and
generally leads to complete sterility under normal envi-
ronmental conditions.
Some plants have cms systems that contain nuclear
restorer genes that override the cms condition. These
systems are designated as having genic-cytoplasmic male
sterility (g-cms). Zea mays, for example, has three dis-
tinct types of g-cms that are designated as g-cms-T,
g-cms-S, and g-cms-C, on the basis of specific nuclear
restorer genes capable of restoring fertility. These latter
two types of male sterility (cms and g-cms) have been
well documented in a number of plant species and are
being variously studied to understand and eventually
control the sterility mechanism for practical use in pro-
ducing hybrid seed.
A number of different schemes have been devised to
classify natural or induced gms or g-cms in various
ways. One scheme (Kaul, 1988) is based on the level
of expression (phenotypic) and on the inheritance pattern
(genotypic). Phenotypic expression is subdivided into
three categories: sporogenous, structural, and functional.
Sporogenous ms indicates that stamen development is
normal, but an abnormality occurs sometime between
early microsporogenesis and late microgametogenesis,
resulting in nonfunctional microspores or pollen. Struc-
tural ms indicates that the stamen is either not formed
or abnormally formed resulting in the absence of mi-
crosporogenesis or cessation of it sometime after incep-
tion (Johns et al., 1981). Functional ms indicates that
pollen is produced but is either not released from the
anther or is unable to reach the stigma and initiate fertil-
Abbreviations: cms, cytoplasmic male sterility; g-cms, genic-cytoplasmic
male sterility; gms, genic or nuclear male sterility.
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Fig. 1. General anther morphology and anatomy showing stamen (anther and filament) and segments of four microsporangia and a single
microsporangium withits included somatic and male cells and tissues.
ization. Genotypic expression is divided into three cate-
gories: genie (gms), cytoplasmic (cms), and genie-
cytoplasmic (g-cms). These latter categories have been
identified in previous paragraphs. Representative exam-
ples of the gms category will be presented as the basis
for this review.
Normal Expression of Microsporogenesis
and Microgametogenesis
The male organs within the flower are called stamens.
They arise from localized enlargements on the floral
meristem due to homeotic gene expression associated
with the third whorl primordia (Coen and Carpenter,
1993; Goldberg et al., 1993). At maturity, the stamen
is divided into two main units, the terminal anther and
the stalk or filament. The filament connects the anther
to the flower, and it is typically traversed by a single
vascular strand.
Normal anther development involves the orchestrated
interaction and differentiation of both sporophytic and
gametophytic tissues (Chaudhury, 1993; Goldberg et al.,
1993; Palmer et al., 1992). The young anther usually
consists of four microsporangia (spore or pollen sacs)
composed of the following sporophytic and gametophytic
tissues (Fig. 1): an outer epidermis interior to which are
an endothecial layer, one to two middle layer(s) (parietal
layer), and a tapetal layer. Interior to the tapetal layer,
and completely surrounded by it, is a central core of
sporogenous tissue (future gametophytic tissue). The
four microsporangia are held together by sporophytic
connective tissue through which the filament vascular
strand traverses.
Most descriptions of anther development, beginning
with the differentiation of the sporogenous mass tissue
and ending with the mature pollen, center around the
development of the male cells; the adjacent, encom-
passing tapetum; and, to some extent, the endothecial
layer (Fig. 1). For convenience, 10 developmental stages
focusing on the male cells are identified that aid in
correlating the differentiation of the three tissues with
each other (Fig. 2). They are (1) sporogenous mass stage
(premeiosis), (2) meiocyte stage, (3) dyad stage, (4) 
stage, (5), early-microspore stage, (6) mid-microspore
stage, (7) late-microspore stage, (8) early-pollen stage,
(9) mid-pollen stage, and (10) late or engorged pollen
stage. Technically, microsporogenesis encompasses
Stages 1-7; microgametogenesis encompasses Stages
8-10.
Stage 1 anthers usually show all of the tissues that
will be present through early- to mid-pollen (Stages 
and 9) development (Fig. 2). At the end of Stage 1, the 
sporogenous mass cells (2C equals diploid complement
of chromosomes) begin to secrete special callose walls
around themselves, interior to their primary walls, caus-
ing cytoplasmic channels between them and the sur-
rounding tapetum to be severed. The sporogenous cell
nuclei undergo DNA synthesis, and the cells round up
to form meiocytes (4C, Stage 2). Meiosis begins within
each meiocyte, first forming two (dyad, 2C, Stage 3)
nuclei and then four (tetrad, 1C, Stage 4) nuclei. In the
monocotyledons, a callose wall forms between the two
dyad nuclei, and then two more callose walls form be-
tween the division products of the dyad nuclei, forming
a tetrad of haploid microspore nuclei surrounded by and
separated by callose. In the dicotyledons, the meiocytes
also are surrounded by callose, but no callose walls are
formed between either of the dyad or tetrad nuclei until
the latter four nuclei are completely formed. At this
time, callose walls develop centripetally from the outer
encompassing callose wall, thus separating the four nuclei
from each other to form a tetrad of haploid microspores.
At the late tetrad stage (Stage 4), early microspore wall
(exine of future pollen wall; most studies use the latter
term) formation occurs [including the young pore(s) 
colpi, if any] around each microspore still enclosed within
the tetrad callose.
During Stages 2 through 4, the tapetal cells undergo
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SPOROGENOUS
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Fig. 2. Ten stages of anther development emphasizing male cells and surrounding tapetum, beginning with sporogenous stage (1) and ending
with late pollen stage (10). Timing of ms gene action (in percent) during anther development. Percentages in parentheses indicate what
percentage of all ms steriles have been identified at each stage or series of three stages (adapted from Kaul, 1988).
profound changes such as an increase in cytoplasmic
RNA and proteins, and partial digestion of their inner
tangential and inner portions of their radial walls. In
some taxa, one or more nuclear division(s) result(s) 
some tapetal cells each having two (Franceschi and
Homer, 1979; Homer et al., 1993) or more nuclei (Buss
and Lersten, 1975).
The callose walls around the tetrads of microspores
are enzymatically degraded after the young microspore
(pollen) walls are formed. These young microspores,
each with a thin exine wall, separate from each other
and round up (Stage 5). The tapetum seems to secrete
pollen wall-like material into the spaces around the micro-
spores. In some species, this material may build up
outside the inner tangential tapetal cells (and sometimes
along the inner radial walls), forming either diffuse mate-
rial or discrete bodies called orbicules or Ubisch bodies
(Christensen et al., 1972). This material also coats the
pollen walls, increasing their thickness.
The microspores begin to enlarge, and their walls
become thicker during Stage 6. In addition, the many
small vacuoles within each microspore cytoplasm start
to fuse, resulting in fewer, larger vacuoles. The tapetum
remains the same as in Stage 5. In most species, the
tapetum remains peripheral through its life and is called
a secretory tapetum (Christensen et al., 1972); whereas,
in a few species, the tapetal cells may become amoeboid
or plasmodial and migrate around the microspores
(Horner and Pearson, 1978).
The microspores reach their maximum size at about
Stage 7 and have highly thickened pollen walls. They
usually are quite vacuolate, and the single, haploid nu-
cleus, which in earlier stages is in the center of each
microspore, is displaced to near the pollen wall. The
tapetum appears less robust, and some additional tapetal
materials may be secreted around and on the pollen
walls (i.e., pollenkitt and tryphine; Chapman, 1987;
Heslop-Harrison, 1968; Reznickova and Willemse,
1980; Hesse et al., 1993), as well as recognition sub-
stances. The endothecial cells of the anther wall begin
to develop secondary wall thickenings in some species
at this time. The single microspore nucleus (1C) under-
goes one mitotic division to form a binucleate [vegetative
or tube nucleus (1C) and a generative nucleus (1C)]
pollen grain (Stage 8).
At about Stage 8, each vacuolate pollen grain begins
to form an intine wall interior to its exine. The tapetum
appears to be in a state of degeneration. In most taxa,
this is the normal time for the tapetum to degenerate (if
tapetal degeneration occurs earlier, or not at all, this
may lead to abortion of the male cells). Concurrently,
the vacuolate pollen grains show signs of accumulation of
storage reserves. These reserves continue to accumulate
further (Stage 9), partly filling the pollen grains. In some
species, the generative nucleus may undergo one mitotic
division to form two sperm cells (1C + 1C).
By Stage 10, the pollen grains (microgametophytes)
are completely engorged with reserves and consist of
two or three cells [one with the tube nucleus; the other(s)
with the generative nucleus or two sperm nuclei]. The
endothecial cell walls are maximally thickened, and the
anther begins to desiccate, causing the anther to open
up by one of several mechanisms. At this time, the pollen
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male-fertile plant X male-fertile plant (Recurrent parent)
F1
Ms__Ms
BC1 F1 MS_ ms Ms Ms
Progeny Test Segregation (save) All fertile (discard)
BC~F2 Ms __: ms ms
BC2F~ Ms ms
Ms Ms (Recurrent parent)
etc.
Fig. 3. Incorporation of a recessive allele (ms) for genic male sterility into a recurrent parent to produce near-isogenic lines.
grains are released from their microsporangia and are
ready for either self- or cross-pollination.
Abnormal Expression of Microsporogenesis
As stated previously, normal development can be dis-
rupted in a number of ways that lead to male sterility.
In gms systems, the expression of the nuclear sterility
gene(s) can affect any of the sporophytic and gameto-
phytic tissues from the sporogenous mass stage (Stage
1) through the latest stages of development (Stage 10)
(Kaul, 1988; Palmer et al., 1992).
In g-cms systems most studies suggest that the tapetum
is the primary tissue where abnormalities occur, leading
to abortion of the male cells (Laser and Lersten, 1972;
Kaul, 1988; Palmer et al., 1992). Even though some
studies have shown that tapetal malfunctions may occur
throughout microsporogenesis, the more common occur-
rence is at the tetrad and early microspore stages (Stages
4 and 5). Figure 2 shows the timing of anther malfunc-
tions (in percent) leading to male sterility, as determined
from many studies (adapted from Kaul, 1988).
Selected Applications of Genie Male Sterile
Systems in Autogamous Plants
The use of male sterility for recurrent selection in
broad-based genetic populations in autogamous pecies
has circumvented the inherefit difficulties of manual
cross-pollinations and low numbers of seeds per pollina-
tion (Gilmore, 1964; Fehr, 1987). Carter et al. (1983)
proposed that backcrossing male sterility into desirable
parents may be necessary before initiating a recurrent
selection program. A scheme incorporating a recessive
gene for male sterility into breeding lines to produce
near-isogenic lines has been developed (Fig. 3). 
scheme for the use of recessive genie male sterility in
recurrent selection is given in Table 1.
The use of male sterility in recurrent selection pro-
grams has several limitations. Cross pollinations may
not be random (St. Martin and Ehounou, 1989). 
enhance random mating, several dates of planting of the
male parent may be necessary. The growth habit of
the plants, indeterminate growth rather than determinate
growth, and a longer flowering period will contribute
to random mating. The contribution of the cytoplasm of
the male-sterile line can be eliminated by the use of
heterozygous (Ms ms) male parents in forming the popu-
lation. Thus, the initial population would consist of about
equal numbers of Ms Ms and Ms ms plants with a diversity
of cytoplasms. An additional selfing generation would
produce ms ms plants (Table 1; Season 1). A further
disadvantage is the occurrence of male-sterile segregates
in the yield-test plots. The problem with harvest (green
Table 1. Recurrent selection scheme incorporating recessive genic male sterility [modified from Brim and Stuber, 1973 (Seasons 1, 2,
3a) and St. Martin, 1981 (Seasons 1, 2, 3b, 4, 5)].
Season Description
1
2
3a
3b
4
Grow intermating population in isolation or with appropriate border to allow cross-pollination. Harvest seed from ms ms plants.
Advance FI plants by self pollination to provide seed for testing.
Yield test of progenies of male-fertile plants from season 2. Composite remnant seeds from parents of selected progenies or seeds
produced by male-fertile plants in the seleeted progenies. These seeds are the parents for the next cycle of/ntermating
(Season 1).
Grow plants in progeny rows and single-plant harvest fertile plants (Ms Ms and Ms ms).
Grow plants in progeny rows. In each desirable all-fertile row, bulk seed for yield testing. In each segregating row, bulk seed from
all fertile plants (Ms Ms and Ms ms) to use for the next cycle of intermating.
Yield test progenies that consist of all fertile plants. For the next cycle of intermating, use composite segregating bulks corresponding
to the best fertile lines based upon the yield test.
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Method Utilization Crop Reference
Dominant male steriles for mass and half-sib
family recurrent selection programs
Dominant male steriles for $1 family recurrent
selection programs
Dominant male sterile in recurrent selection
programs
Recessive male steriles in recurrent selection
programs
Proposed Cotton, Wheat
Proposed Cotton, Wheat, Rapeseed
Recurrent selection to maintain Wheat
genetic diversity
Recurrent selection to maintain Barley,
genetic diversity; to extract Rice,
lines for agronomic traits
after several generations of Sorghum,
intermating and selection
Soybean
Sorrells and Fritz, 1982
Knapp and Cox, 1988
Cox et al., 1991
Suneson, 1945
Ikehashi and Fujimaki, 1980;
Rutger and Shinjo, 1980
Doggett, 1968; Doggett
and Eberhart, 1968
Brim and Burton, 1979; Specht and
Graef, 1992; Specht et al., 1985; Tinius
et al., 1992
male-sterile plants) and the reduction of precision in
measuring yield can be circumvented by the addition of
a seed-increase generation (Table 1; Season 4). However,
expected genetic gain per year would be less because 2 yr
are required per cycle when homozygous male-fertile
genotypes are evaluated (Fehr and Ortiz, 1975).
Both recessive male steriles and dominant male steriles
have been used in recurrent selection programs (i) 
develop intermating populations that involve many par-
ents and (ii) to synthesize populations for improvement
of one or several agronomic traits (Table 2).
The use of genic male steriles to produce hybrids was
evident first in horticultural crops. Van Der Kley (1954)
mentioned that the Asgrow Seed Company (Kalamazoo,
MI) used genic male steriles to produce hybrid tomato
varieties (1942) and hybrid onion varieties (1949). 
Table 3 are listed selected examples of uses or proposed
uses of genic male steriles in hybrid seed production.
Initially, many of the proposals were envisioned to pro-
duce F1 seeds on male-sterile plants of autogamous spe-
cies that would be hybrid varieties. Generally, this has
not been successful.
Cotton and Wheat
Sorrells and Fritz (1982) described the advantages 
dominant male steriles for crop improvement. Important
features are (i) a selfing generation is not needed 
identify heterozygous plants, and (ii) progenies of male-
sterile plants always give 50% dominant male-sterile
Table 3. Selected examples of uses or proposed uses of genic male steriles in hybrid seed production.
Method Utilization Crop Reference
Linkage or recessive male sterile and a recessive for resistance
to a phytocide
Balanced tertiary trisomics and a recessive male sterile
Linkage of a recessive male sterile and the female parent in dwarf
form
Linkage of a recessive male sterile and chlorophyll-deficient mutant
Phenotypic restoration of fertility in a male sterile by using a chemical
or plant hormone (eg. gibberellic acid)
Use of recessive or dominant male sterile with hybrid-eliminating,
haploid-inducing lines
Linkage of recessive male sterile and chlorophyll-deficient mutant
Environmentally sensitive recessive male sterile
Photoperiod-sensitive recessive male sterile
Use of a recessive tall as male parent and male sterile (genic or
cytoplasmic) as female parent
Linkage of a recessive male sterile and a recessive green seed embryo
Linkage of a recessive male sterile and a recessive for flower color
X Y Z system, a recessive male sterile and a corresponding fertility
factor on a homoeologous alien chromosome
Differential transmission of ms allele through linkage with chromosome
deficiencies that are egg viable but not pollen transmitted
Linkage of white endosperm with a recessive male sterile and separation
of white and yellow kernels with an electric-eye seed sorter
Linkage of a dominant chemical sensitive phenotype in coupling with
a genic male sterile. Genetic transformation would be used to
introduce marker gene.
Proposed Barley Wiebe, 1960; 1964
First hybrid released in 1970 Barley Ramage, 1965
and hybrids were released
until 1978
Proposed Barley Ramage, 1966
Proposed Barley Foster, 1979
Proposed Barley Kasemble, 1967
Proposed Cotton Stelly et al., 1988
Proposed Field bean Bond et al., 1964
Proposed Rice Rutger and Schaeffer, 1994
Used to produce hybrid rice Rice Yuan et al., 1993
cultivars
Proposed Rice Rutger and Carnahan, 1981
Proposed Soybean Burton and Carter, 1983; Carter
and Burton, 1992
Production of test-cross seed Soybean Lewers et al., pers. commun.,
1994
Proposed Wheat Driscoll, 1972
Proposed Maize Patterson, 1973, 1978; Phillips et
al., 1971; Phillips, 1993
Proposed Maize Galinat, 1975
Proposed Tomato Jorgensen, 1987
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STAGES Basic Fertility Flowering and
vegetative FPR SPR expression seed production
EVENTS Germination Beginning Differentiation End of Heading Maturity
of FPR of secondary PMC
sensitivity rachis-branches meiosis
and spikelet
primordia
Fig. 4. Stages in life cycle of photoperiod sensitive genic-male-sterile line and steps that are associated with it. Duration of each stage depends
on environmental conditions and cultivar. Segmented lines indicate order of stages but not length of time of each stage. FPR = first photoperiodic
reaction; SPR = second photoperiodic reaction; PMC = pollen mother cells (adapted from Yuan et al., 1993).
plants. Sorrells and Fritz (1982) outlined six mass and
half-sib family recurrent selection schemes and two back-
crossing schemes employing dominant male steriles (Ta-
ble 2).
Cotton, Wheat, and Rapeseed
Knapp and Cox (1988) proposed various SI family
recurrent selection schemes in which intermating was
done between selected SI families and a dominant gene
for male sterility (Table 2). Three programs were de-
scribed, and expected selection responses for S~, com-
bined S~ and half-sib, and combined S~ and full-sib
families were outlined.
Barley
Wiebe (1960) proposed to produce hybrid barley 
using a complete or very close linkage between a reces-
sive gene for male sterility and a recessive gene for
resistance to a phytocide (Table 3). Male-sterility mutants
are common in barley. The proposed phytocide was the
insecticide DDT [ 1,1,1-trichloro-2,2-bis(p-chlorophenyl)-
ethane], and resistance to DDT was controlled by a single
recessive gene. Approximately 10% of the world barley
collection is resistant to DDT. The proposal for hybrid
barley included descriptions of single, double, and three-
way crosses to produce hybrid seed. Wiebe (1964) re-
ported that male-sterile msgl6 was linked with the DDT
resistance gene with 7% recombination. The linkage was
not close enough to warrant its use in a hybrid barley
program.
Barley
The balanced tertiary trisomic with a recessive gene
for male sterility scheme was proposed by Ramage (1965)
for use in hybrid barley seed production (Table 3). The
tertiary trisomics were constructed in such a way that
the dominant allele (Ms), closely linked with the chromo-
some interchange breakpoint, is carried on the inter-
changed chromosome, and the recessive allele (ms) is
carried on the two normal chromosomes that constitute
the diploid complement. In the balanced tertiary trisomic,
selfed seed production would be about 70% male-sterile
diploids and 30% balanced tertiary trisomics. The triso-
mic plants were shorter, later in flowering, and less
competitive than the male-sterile diploids; therefore, a
nearly pure stand of male-sterile plants was produced.
Several hybrids were released between 1970 and 1978,
but they were replaced by high-yielding, short-strawed
conventionally bred cultivars (Ramage, 1983).
Rice
The use of genic male sterility in rice, coupled with
morphological and/or physiological traits, has met with
success (Table 3, Yuan et al., 1993). Growth and devel-
opment stages characterize the life cycle of the photo-
period-sensitive genic male-sterile rice (Fig. 4). There
are two photoperiod reactions that influence the photo-
period-sensitive genic male-sterile mutant. The first pho-
toperiodic reaction accelerates or delays (depending upon
photoperiod length and temperature) panicle differentia-
tion and heading. The second photoperiodic reaction
Table 4. Cytoplasmic suppression of expression of genic male steriles.
Crop Results of experimental protocol Reference
Cotton
Small grains
Barley
Small grains
Maize
Maize
Maize
Field bean
Flax
Tested 22 diverse genetic stocks, (cytoplasms), no interactions
Developed procedure to identify "fertilizing" cytoplasms based upon F: segregation patterns
Modified Hermsen (1965) procedure to test for "fertilizing" cytoplasms in FI generation
Also proposed testing for "fertilizing" cytoplasms in F~ generation. Proposed using reciprocal
crosses to identify "fertilizing" cytoplasms in F2 generation
Found differences in reciprocal crosses which gave incomplete male sterility
Tested several nuclear male steriles, no interaction; suggested a system to produce hybrid seed
Proposed using a chromosome interchange stock with one breakpoint closely linked to the
male-sterile locus, to test for "restorer" cytoplasms
Tested 22 diverse field beans, (cytoplasms), no interactions
Results from crosses could be explained by a) cytoplasmic male sterility interacting with nuclear
fertility restorer versus nonrestorer genes, or b) a nuclear gene for male sterility which is
restored to fertility by a particular cytoplasm
Found differences in reciprocal crosses which suggested an interaction between nuclear male
steriles and a cytoplasm
Kohel and Richmond, 1963
Hermsen, 1965
Rutger and Jensen, 1967
Hermsen, 1968
Briggle, 1956
Washnok, 1972
Burnham, 1986
Bond et al., 1964
Burnham et al., 1981
Flax Gairdner, 1929
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Table 5. A method to identify fertilizing cytoplasms (F) ms ms in
germplasm based upon Ft plant phenotype.
Parents F1 Plants
Female Male Cytoplasm Nucleus Phenotype
(S) ms ms x (F) ms (S) ms ms Sterile
(S) ms ms x (F) Ms Ms (S) Ms ms Fertile
(S) ms ms x (S) Ms Ms
. (S) Ms ms Fertile
determines whether pollen will be sterile or fertile. At a
suitable temperature, long days can induce pollen sterility
(Yuan et al., 1993). The photoperiod-sensitive genic
male-sterile rice can be used to propagate itself under
short-day conditions and also to produce hybrid seed by
interplanting it with normal, fertile lines under long-day
conditions. Zhang et al. (1994) have identified two chro-
mosomal regions, each containing a photoperiod-sensitive
genic male-sterile locus. Hybrid rice with the photo-
period-sensitive genic male-sterile mutant is produced
in China.
Soybean
In soybean, genic male sterile ms6 is linked with wl
(flower color/hypocotyl color) with about 3.5 % recombi-
nation (Skorupska and Palmer, 1989; Palmer and Skorup-
ska, 1990; Lewers and Palmer, 1993; Table 3). This
cosegregation allowed Lewers et al. (personal communi-
cation,1994) to produce large quantities of F~ seed and
to compare the effectiveness of evaluating parental lines
(per se evaluation) with the effectiveness of evaluating
F~ hybrids of those parental lines (testcross evaluation)
in agronomic trials.
Wheat
The X Y Z system for producing hybrid wheat requires
a chromosomal recessive allele (ms) on a wheat chromo-
some and a corresponding fertility factor (Ms) on the
homoeologous alien chromosome (Table 3) (Driscoll,
1972). The three X, Y, and Z lines are homozygous ms
ms, and they possess 2, 1, and 0 doses of the alien
chromosome, respectively. The proposed system uses
an alien chromosome from rye that bears a dominant
Ms allele and a dominant marker gene (hairy peduncle).
The dominant marker trait allows for identification of
Increase field ~
of female (S) ms 
parent Male sterile
rogued plants. The final genotype (Ms ms) is devoid of
the alien chromosome; thus, the agronomic performance
is not affected, and the plants are uniformly male fertile.
Cytoplasms Restoring ms ms
Cytoplasmic suppression of the expression of nuclear
male-sterile mutants was suggested by Hermsen (1965,
1968). Efforts to identify cytoplasms in which pollen
fertility would be restored in male-sterile, female-fertile
plants have been summarized (Table 4). Hermsen (1968)
suggested that cultivars in which genic male steriles have
been found were (S) sterilizing cytoplasms, (Ms Ms)
nuclear genes. Following nuclear mutation, individuals
became S (ms ms). Hermsen (1965, 1968) and Rutger
and Jensen (1967) developed schemes to identify F (fertil-
izing) cytoplasms and S (sterilizing) cytoplasms. Schemes
using F~ generations (Table 5) and/or F2 generations
were discussed.
Genic male sterility is primarily a nuclear genic defect,
whereas cytoplasmic-genic male sterilty can be consid-
ered a cytoplasmic defect. The various ms genes can
then be viewed as analogous to the rf (restorer) genes
and produce male sterility in the presence of a specific
cytoplasm. Conversely, a specific ms gene may not pro-
duce male sterility when in the presence of a certain
cytoplasm. If a fertilizing cytoplasm exists, it might be
specific for a certain genic male sterile.
Even though a number of attempts have been made
to identify (F) ms ms germplasm, the individual efforts
have been small; i.e., a few nuclear male steriles and
a small number of exotic lines. A scheme for the efficient
production of FI seed for a crop such as maize is given
(Fig. 5). Cytoplasmic diversity can be maintained be-
cause sterility does not depend upon a specific cytoplasm.
The selfed seed on the F~ hybrid plants would not be
suitable for seed production the following year. The
expected segregation would give 25% male-sterile F2
plants, which precludes the use of F2 seed by the farmer.
A system of cytoplasmic suppression of nuclear male-
sterile genes is dependent upon a specific cytoplasm.
Development and maintenance of the parental stocks to
produce the F1 seed can be handled by use of conventional
plant breeding practices.
Parent A
(F) ms 
Male fertile
F1 hybrid P_aEe_[tL~ X ~
seed production (S) ms (S) Ms Ms
Male sterile
l
Male fertile
Seed available By_brk;I
to farmers (S) Ms 
Male fertile
Fig. 5. Hybrid seed production using cytoplasmic suppression of genic male-sterility (modified from Hermsen, 1968 and Washnok, 1972). (F)
and (S) refer to ’fertilizing’ or ’sterilizing’ cytoplasms. Ms Ms refers to male-fertile plants and ms ms to male-sterile plants.
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Summary
Seed production is dependent upon concerted develop-
ment of both male and female reproductive structures
and on successful pollination, fertilization, and embryo
(seed) maturation. This is a complex process in which
an abnormality at any stage of development can lead to
sterility. We have described normal microsporogenesis
and microgametogenesis and the genie mutations that
have been identified that result in male sterility. These
genie male steriles have been studied genetically, and
we have listed a number of schemes depicting their use
or proposed use in plant breeding programs. The general
application of genie male steriles to facilitate intermating
has been successful. More sophisticated schemes to pro-
duce large quantities of Fi seed for commercial produc-
tion have not been successful except for rice. Fertilizing
cytoplasms to restore fertility to genie male steriles have
not been identified. The use of genie male steriles for FI
seed production is a challenging area for future research.
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